Abstract -During their foraging activity, honey bees are often exposed to direct and residual contacts with pesticides, especially insecticides, all substances specifically designed to kill, repel, attract or perturb the vital functions of insects. Insecticides may elicit lethal and sublethal effects of different natures that may affect various biological systems of the honey bee. The first step in the induction of toxicity by a chemical is the interaction between the toxic compound and its molecular target. The action on the molecular target can lead to the induction of observable or non-visible effects. The toxic substance may impair important processes involved in cognitive functions, behaviour or integrity of physiological functions. This review is focused on the neural effects of insecticides that have repercussions on (a) cognitive functions, including learning and memory, habituation, olfaction and gustation, navigation and orientation; (b) behaviour, including foraging and (c) physiological functions, including thermoregulation and muscle activity.
INTRODUCTION
The protection of crops against plant pests and pathogens is a particularly acute concern, not only in terms of economic impacts but also in terms of food resources, especially to fight hunger throughout the world. Phytopharmaceutical products, or pesticides, used for plant protection are composed mainly of xenobiotics, whose market comprises approximately 45 % herbicides, 25 % insecticides and 25 % fungicides (UIPP 2011). In the insecticide family, neurotoxics are the main active substances used in numerous types of plant treatments including spraying, seed dressing, baits and granules.
Chemicals may elicit various effects in biological organisms through their interaction with numerous molecular targets that can induce lethal and adverse sublethal effects (Sattelle and Yamamoto 1988; Soderlund and Bloomquist 1989) . This can be exemplified by the neurotoxic pyrethroid insecticides, which can trigger not only more of less severe neural effects but also reprotoxicity through a mechanism independent of their neural action (Yousef 2010; Zhang et al. 2010a, b; Joshi et al. 2011; Zhao et al. 2011) . Thus, the intrinsic toxicity of insecticides may account for biological effects not always related to the mechanism of action that induces the expected effect, i.e. the insecticide action (Maeder et al. 2004) . Regarding toxicodynamics, the starting point of the toxic effect of a substance lies in the interaction between the substance introduced in the organism and the molecular target. Thus, although all effects could be regarded as molecular, the molecular interaction between toxics and targets may result in "macroscopic" impacts that can be observed at cell, tissue, organ, individual and population levels, depending on their noxious action.
Insecticides are normally designed to reach insect pests, but they can also reach nonintentional organisms. Among the non-intentional organisms, the honey bee represents an insect of agro-environmental, economic and scientific importance (Gallai et al. 2009; Gauthier 2010; Srinivasan 2011) . Insecticides may induce lethal and adverse sublethal effects in the honey bees either by direct contact during plant treatment, further residual contact with the treated plants or exposure to contaminated pollen and nectar. The sublethal effects can be observed at exposure levels below those eliciting the insecticide action. Consequently, the molecular targets triggering the sublethal effects generally have a higher affinity for the insecticides than the primary target responsible for the expected effect (Enan and Matsumura 1992) .
This review is not an exhaustive survey of the literature. Its aim is to exemplify the complex action of insecticides at the neural level in the honey bee. The effects of insecticides are discussed more in terms of mechanisms of action than in terms of ecotoxicological impacts. Attention is focused on neurotoxic insecticides from the organophosphate, carbamate, pyrethroid, neonicotinoid and phenylpyrazole families. These pesticides present specific modes of action related to the insecticide activity (Table I) but can also share common molecular targets or targets not involved in the insecticide action.
NEURAL EFFECTS OF INSECTICIDES
The molecular interactions between insecticides and their biological targets may lead to effects impairing behaviour and physiology. Since all manifestations of the toxic substances have a molecular basis, the delineation of the nature of the effects induced by insecticides in honey bee depends on the prism through which the biologist observes the organisms. Thus, the clear distinction between behavioural and physiological effects might be questionable because behavioural effects resulting from an alteration of cognitive functions could also be regarded as physiological on the basis of the metabolic perturbations that induced them. Similarly, a distinction might be made between cognitive and non-cognitive behavioural impairments, especially for changes in behaviour due to functional alterations, e.g. disruption of muscular activity, spoliation of metabolic resources (Bounias et al. 1985) . Here we chose to consider the impacts of insecticides on cognition, behaviour and physiological functions. 
Cognition
Cognition aggregates the neural processes involved in memory and the acquisition of knowledge, thought and awareness, perception, information treatment and interpretation, and problem solving. It may be regarded as a particularly attractive topic when considering the neural effects of insecticides. Cognition is involved in numerous types of behaviour and is fundamental to the social cohesion of the honey bee colony. It can be impaired by the direct interaction of chemicals with neural receptors, ionic channels and cell signalling pathways and also by modifications in the neural metabolism.
Learning and memory
Learning and memory processes are involved in the adaptation of the individuals to their environment and enable the bees to respond to the requirements of the colony throughout their life. The impacts of pesticide on memory have been investigated early through the study of the effect of ethyl-parathion, an organophosphate insecticide (OP), on time memory in bees trained to visit a feeding site (Schricker 1974) . At a sublethal dose, parathion induced a shift of the visiting time to the early hours of the day. This shift can be explained either by a change in the circardian clock or by the adoption of new feeding schedules learned by associating time with food presence (Moore 2001; Bloch 2010) . In a recent study, the effects on the learning and recall of visual and olfactory discrimination tasks have been studied in bees orally treated with the OP methyl-parathion (MP) (Guez et al. 2010 ). Since MP is recognised as a general acetylcholinesterase inhibitor, combined muscarinic and nicotinic cholinergic effects could be expected. Surprisingly, MP only enhances recall of the tasks learned with the visual and olfactory discriminants but has no effect on acquisition. Thus, the response elicited in the bees by MP has more of a muscarinic-like profile than a nicotinic profile (Gauthier et al. 1994 (Gauthier et al. , 2006 Cano Lozano et al. 1996 ; Cano Lozano and Gauthier 1998; Cano Lozano et al. 2001 ). This MP-elicited response has been interpreted in terms of an enhancement of cholinergic transmission, through acetylcholinesterase inhibition. However, OP are general inhibitors of serine hydrolases, e.g. esterases and amidases, some of which are involved in cell metabolism and intracellular signalling pathways (Petroianu et al. 2001; Galloway and Handy 2003; Adigun et al. 2010; Esquivel-Senties et al. 2010) , and inhibition of neuropathy target esterases by OP, which triggers delayed neuropathies in mammals (Glynn 2005; Faiz et al. 2011; Jokanovic et al. 2011 ). In the honey bee, OP may have different targets involved in their toxicity. Pre-post and post-treatments of the bees by the oxime antidote 2-PAM (pralidoxime) completely protect acetylcholinesterase from in vivo inactivation by paraoxon but does not protect against mortality (Polyzou et al. 1998) . Such a differential effect of 2-PAM strongly suggests that the action of OPs is not exclusively cholinergic and that there are secondary targets of great toxicological importance towards which 2-PAM is not effective (Chambers 1992) .
Work on learning and memory was advanced by the introduction of the conditioning of the proboscis extension reflex (PER; Kuwabara 1957; Menzel et al. 1974; Bitterman et al. 1983) . This paved the way to simplified laboratory procedures for investigating mnesic functions and discriminating the different phases of memory, namely encoding, including acquisition and consolidation, storage and retrieval (Gauthier 2010). This approach has been used for synthetic pyrethroids shortly after they became available on the market (Taylor et al. 1987; Mamood and Waller 1990) . Bees subjected to a tarsal contact with sublethal doses of type I and type II pyrethroids exhibited an impairment of the conditioned response, which indicates that a residual contact with plants treated with pyrethroids may induce neural effects in bees at sublethal level. More recently, the effects of different pyrethroids on associative learning have been explored using a combination of semi-field and laboratory approaches (Decourtye et al. 2004b (Decourtye et al. , 2005 . In laboratory experiments, the bees have been continuously exposed for 11 days to a contaminated sucrose feeding solution containing different pyrethroids. Deltamethrin impairs the conditioned PER whereas λ-cyhalothrin, cypermethrin and τ-fluvalinate seem not to affect behaviour although the levels of exposure to these substances are close. This demonstrates that effects induced by insecticides seem to be more substance-specific than familyspecific. In semi-field conditions, the presence of deltamethrin in food triggers a marked decrease in the number of foraging bees, which is reversed when the exposure ceases. This could be interpreted both in terms of repellent action of deltamethrin or in terms of health recovery after exposure since this deltamethrin treatment is considered to be lethal in this study.
During the past decade, the impacts of new insecticide families and biotechnological processes on cognitive functions have received special attention. Researches were conducted on the insecticide families, neonicotinoids and phenyl pyrazoles, developed in the mid-1990s (Schroeder and Flattum 1984; Johnston et al. 1986; Elbert et al. 1990; Klis et al. 1991a, b; Colliot et al. 1992; Sadler and Nieh 2011) , and on the Bacillus thuringiensis toxins used in the development of genetically modified plants (GMP; Barton et al. 1987; Vaeck et al. 1987; Hofte and Whiteley 1989; Leemans et al. 1990; Tian et al. 1991; Jansens et al. 1992 ). The neonicotinoid family was first investigated in studies on its leading representative, imidacloprid, using various protocols based on olfactive conditioning. In both acute and subchronic exposure, imidacloprid triggers a decrease in learning performances, explored by looking at the conditioned PER (Decourtye et al. 2004a (Decourtye et al. , b, 2005 Han et al. 2010 ). This effect depends on the season, and the bees are more sensitive to imidacloprid in the summer than in the winter (Decourtye et al. 2003) . The PER approach has been complemented by semi-field experiments and an innovative T-tube maze assay (Decourtye et al. 2004b; Han et al. 2010) . In semi-field conditions, the presence of imidacloprid in food triggers a marked decrease in the number of foraging bees, which is not reversed when the exposure ceases. The number of foraging bees is associated with a decay of olfactory performance and olfactory conditioning of PER. Complementary results obtained with acetamiprid and thiamethoxam point to the complex action of neonicotinoids, which strongly depends on exposure and is not always a characteristic of a given insecticide family. After acute exposure, acetamiprid, but not thiamethoxam, induces effects on associative learning and olfaction. Acetamiprid elicits an increase in sensitivity to antennal stimulation and impairs long-term retention of olfactory learning in oral exposure but not in contact exposure (El Hassani et al. 2008) . Surprisingly, subchronic exposure to thiamethoxam, unlike acute exposure, leads to a decrease of olfactory memory and an impairment of learning performance but has no effect on memory (El Hassani et al. 2008; Aliouane et al. 2009) . A new approach, based on bee behaviour in a T-tube maze, has been proposed to develop assays on associating learning that integrate visual and spatial orientation (Han et al. 2010) . Bees that survive a subchronic treatment with imidacloprid present a reduced visual learning capacity in the T-tube maze procedure and decreased olfactory performances in the PER assay (Han et al. 2010) .
The mechanisms by which neonicotinoids impair learning and memory performances may be more complex than expected. The metabolism of certain neonicotinoids in insects and plants results in the appearance of metabolites toxic to bees. In plants and in the honey bee, imidacloprid is transformed into different metabolites such as olefin and 5-hydroxyimidacloprid, which are toxic to the bees and are suspected to bind to the nicotinic acetylcholine receptor (Nauen et al. 2001; Suchail et al. 2001 Suchail et al. , 2004 . The metabolism of thiamethoxam results in clothianidin, a metabolite as toxic as thiamethoxam that has been registered as insecticide (Nauen et al. 2003; Ford and Casida 2006; Benzidane et al. 2010) . The toxicokinetics of acetamiprid in bees is somewhat different and leads to the appearance of 6-chloronicotinic acid. This metabolite is toxic in chronic exposure but not in acute exposure and remains stable for at least 72 h, especially in the head and the thorax (Suchail et al. 2001 (Suchail et al. , 2004  Neural effects of insecticides Brunet et al. 2005) . Thus, considering the toxicokinetics of imidacloprid, acetamiprid and thiamethoxam, it is very difficult to know what step of the memory process is affected by the parent compound or the metabolites: acquisition, consolidation or retrieval. At the environmental level, the metabolic profile of neonicotinoids in plants undergoes quantitative and qualitative changes during the flowering period (Laurent and Rathahao 2003) . The differential exposure of bees to the parent compounds and metabolites over time changes the kinetics and the importance of the effects induced by the neonicotinoids and their metabolic derivatives.
Phenyls pyrazoles insecticides represent a family developed concomitantly to neonicotinoids in the mid-1990s. The first representative, fipronil, has often been investigated in insects and mammals (Caboni et al. 2003; Sidiropoulou et al. 2011 ). In the honey bee, the effects of fipronil on learning and memory processes have been investigated using olfactory conditioning of the PER. Eleven days of subchronic exposure to fipronil induce a reduction in learning performances in the surviving bees (Decourtye et al. 2005; Aliouane et al. 2009 ). However, fipronil elicits differential effects consistent with several mechanisms of action. Injection of a low dose impairs the olfactory memory whereas a higher dose has no observable effect but can alter side-specific antennal tactile learning when applied to the thorax (Bernadou et al. 2009; El Hassani et al. 2009 ). The effect induced by the low dose is accentuated by the GABA analogue TACA, but can be rescued by the blocker of glutamate transport L-trans-PDC, this latter being able to reduce glutamate chloride currents in the antennal lobe cells. These results support the involvement of GluCl and GABA receptors in the impairment of olfactory memory triggered by fipronil. The GluCl ligand-gated chloride channel has been identified as a second target of fipronil that can induce an insecticidal action in numerous species (Ikeda et al. 2003; Zhao et al. 2003 Zhao et al. , 2004 Narahashi et al. 2010 ). This explains the sensitivity to fipronil of insect species resistant to cyclodienes, insecticides that also affect the GABA receptor (Scharf and Siegfried 1999; Zhao et al. 2005; Zhao and Salgado 2010) . However, the fipronil-sulfone metabolite can also block the GABA-and Glutamate-activated chloride channels, and exposure to the parent compound may have delayed effects on memory processes (Zhao et al. 2005) .
The use of B. thuringiensis strains for the biological control of numerous phytophagous insects has progressed remarkably during the past two decades. B. thuringiensis represents one of the most widely used bioinsecticides (James 2006 ) and can be used as bacterial, spore or crystal toxin suspensions against insect pests (Wei et al. 2003; Pigott and Ellar 2007; Sanahuja et al. 2011) . The most recent development of B. thuringiensis involves the designing of plants genetically modified to synthetize B. thuringiensis toxins and to offer a quasipermanent shield against targeted pests. The GMP can express B. thuringiensis toxins in pollen and represent a potential hazard for bees if the transgene product is toxic, especially in the case of chronic exposure (Wraight et al. 2000; Li et al. 2010b ). Exposure to B. thuringiensis toxins can also be observed after the degradation of maize detritus that leads to the occurrence of B. thuringiensis toxins within the stream networks of agricultural landscapes (Tank et al. 2010) . However, B. thuringiensis toxins, originally used against insect pests, may also induce toxic effects in other organisms, such as man or nematodes, and may potentially affect bees (Wei et al. 2003; Ito et al. 2004) . Experiments based on the olfactory conditioning of bees exposed subchronically to the Cry1Ab toxin show that the learning performances, explored by the conditioned PER, are affected at a concentration of 5 mg kg −1 . During the extinction phase, bees continue to respond to the conditioned odour even in the absence of a food reward. This effect is associated with an increase of the time the exposed bees need to consume the feeding syrup (Ramirez-Romero et al. 2008) . No effect on learning performance is observed in free-flying bees exposed for 7 days 352 L.P. Belzunces et al. to a syrup containing Cry1Ab toxin at a concentration of 1 mg kg
, but the toxin causes a lasting reduction in foraging activity during and after exposure (Ramirez-Romero et al. 2005) . T-tube maze and PER have been used to study the effect of pollen from the transgenic Cry1Ac (BT toxin) + CpTI (Cowpea trypsin inhibitor) cotton cultivar CCRI41. No effect was observed (Han et al. 2010 ).
Habituation
Habituation may be defined as a form of learning that consists in the gradual and relatively prolonged decrease of the intensity or the frequency of a response following the repeated or prolonged stimulus responsible for eliciting such a response (Braun and Bicker 1992; Epstein et al. 2011) . Thus, habituation leads to individuals that are tolerant to the triggering stimulus. It represents a particularly important process for the bees since it enables them to avoid both worthless responses to uninteresting stimuli and waste of time and energy.
The effect of pesticides on habituation is not well documented. One way to study habituation in the honey bee involves the PER elicited by an antennal contact with a sucrose solution. This is done by analysing the number of antennal contacts with a sucrose solution necessary to observe an arrest of proboscis extension. Neonicotinoid imidacloprid accelerated the PER habituation in honey bees topically treated with a sublethal dose (Lambin et al. 2001) . The same approach, with antennal stimulations at shorter time intervals, has been used in 7-and 8-day-old bees. In these bees, averages of 7 and 14 trials are required to observe habituation, respectively (Guez et al. 2001 ). The 7-and 8-day-old bees were chosen because the bees initiated their short orientation flight at this age in this study. During the first hour, imidacloprid increases the number of trials needed to achieve habituation in 7-day-old bees but decreases it in 8-day-old bees. The habituation profile obtained with imidacloprid evolves with time, particularly in 8-day-old bees, for which the number of trials needed to achieve habituation increases 4 h after exposure to imidacloprid. The evolution of the habituation profiles with time is due to the action of imidacloprid metabolites olefin and 5-hydroxyimidacloprid that delay and accelerate habituation, respectively (Guez et al. 2003) . These results suggest the existence of two nicotinic acetylcholine receptors (nAChR) differentially expressed during maturation of young bees. The existence of two imidacloprid binding sites has been demonstrated in aphids and in the brown planthopper Nilaparvata lugens. In aphids, it occurs two binding sites whose dissociation constants (K d ) are 0.14 nM for the high affinity site and 12.6 nM for the low affinity site. It should be noted that with a K d of 12.6 nM, the "low affinity" site has a relatively high affinity for imidacloprid. However, since its pharmacology has not been studied, it is not sure that this site corresponds to a nAChR (Lind et al. 1998) . In N. lugens, two binding sites of high (K d = 1.5±0.2 nM) and very high (K d =3.5±0.6 pM) affinity for imidacloprid corresponding to nAChRs have been identified (Li et al. 2010a) . Immunodepletion experiments strongly suggest that nAChRs containing Nlα1, Nlα2 and Nlβ1 subunits constitute the lower affinity binding site, whereas nAChRs containing Nlα3, Nlα8 and Nlβ1 constitute the higher affinity binding site for imidacloprid. In bees, using a whole-cell voltage-clamp approach, it has been shown that imidacloprid acts as a nearly full agonist or as a partial agonist, depending on the neuron population (Nauen et al. 2001; Déglise et al. 2002) . This suggests the existence of different nAChR subpopulations. There are major discrepancies between binding and electrophysiological studies (Nauen et al. 2001 observed between binding activity and inward current induction is in accordance with the ratio observed between effects induced in acute and chronic exposures (Suchail et al. 2001) . However, the existence of several nAChR that are able to interact with imidacloprid and that exhibit different subunit compositions, locations and desensitisation kinetics shows the complexity of the effects induced by neonicotinoids in the honey bee (Thany et al. 2003; Thany and Gauthier 2005; Barbara et al. 2008; Gauthier 2010; Dupuis et al. 2011 ).
Olfaction and gustation
Olfaction and gustation represent important physiological senses that condition the life of the honey bee colony both at the individual and colony levels. They may not be considered as purely cognitive processes, but the behavioural and physiological responses they trigger are processed at the neural level. Both olfaction and gustation are involved in scent and taste detection and recognition required for the bee to associate flowers with nectar production, detect and visit or revisit a food source, recognise individuals foreign to the hive, recruit foragers, achieve chemical communication, ensure the social cohesion of the colony and, in some cases, detect plant allelochemicals (Detzel and Wink 1993; Giurfa 1993; Balderrama et al. 1996; Goulson et al. 2001; Reinhard et al. 2004; Gawleta et al. 2005; Couvillon et al. 2010; Maisonnasse et al. 2010; Kather et al. 2011) .
Pesticides may influence the bee behaviour in relation to olfactory and gustatory senses either directly by inducing an attraction or deterrence, or indirectly by acting on physiological processes involved in scent recognition or in the neural treatment of gustatory and olfactive signals. The attraction of the bees by pesticides is not interesting from a toxicological point of view because it increases the probability of exposure to plant treatment products. Thus, early in research on honey bee toxicology, it was proposed the use of repellent additives to reduce pesticide hazard to honey bees (Atkins et al. 1975 (Atkins et al. , 1977 Solomon and Hooker 1989) .
Some pesticides may have an intrinsic deterrent effect, or repellency, that can reduce bee exposure following a treatment with agrochemicals. Organophosphates induce a rapid decrease in the number of foraging bees, a phenomenon that was first attributed to repellency (Barker et al. 1980; Shires et al. 1984a; Pande and Bandopadhyay 1985; Danka and Collison 1987) . However, in laboratory and field tests, no repellency, via olfaction or after contact or ingestion, can be demonstrated, and a repellent action can only be observed at exaggerated dosages. In fact, the apparent organophosphate repellency is actually due to a fast loss of honey bee vitality accompanied by a fast decrease in foraging activity. This vitality loss resulted in an important delayed mortality due to substance exchanges, by trophallaxy and brushing. The mortality rate can reach 50-80 % of the colony, even if the number of exposed bees is low. This toxicity profile appears as the hallmark of the organophosphate action in bees (Shires et al. 1984a, b) .
The pyrethroid insecticides of the first generation were not photostable and were subjected to rapid UV-degradation in fields. The introduction of photostable pyrethroids in the late 1970s added interest to investigations on repellency as a tool for better management of adverse sides effects of insecticide plant treatments (Ueda et al. 1974; Ruzo et al. 1977; Ruzo et al. 1980; Takahashi et al. 1985) . Pyrethroids demonstrate a repellent action in laboratory, cage and field studies (Bos and Masson 1983; Delabie et al. 1985; Levin 1988, 1989) . It is noteworthy that pyrethroid repellency does not protect the bees visiting the crop during the treatment. In the field, the foraging decrease connected to pyrethroids is not always associated with a very high mortality rate, as was the case for organophosphates. There is no discrepancy between exposure and effects, and the number of dead bees is correlated to the number of foragers present during crop treatments. The repellent action of pyrethroid has been estimated to last about 24 h, not long enough to prevent bees from residual contact toxicity (Taylor et al. 1987 ; Mamood and Waller 354 L.P. Belzunces et al. 1990 ). However, pyrethroid insecticides and fungicides are frequently associated by farmers to reduce the number of treatments and thus to save time. The combination with certain fungicides reduces the repellency of α-cypermethrin and λ-cyhalothrin with a particularly marked effect with chlorothalonil, tebuconazole and iprodione/thiophanate-methyl. This leads to an increase of exposure to the pesticides used in plant protection and the risk to the bees, especially with fungicides that act in synergy with pyrethroids such as azole fungicides (Colin and Belzunces 1992; Chalvet-Monfray et al. 1995 , 1996a Pilling et al. 1995; Thompson and Wilkins 2003) . Furthermore, pyrethroids impair the functioning of antennal olfactory receptor neurons and can cancel their repellency in bees surviving sublethal doses (Kadala et al. 2011) .
The effects of insecticides on gustation can be investigated by studying the modulation of the gustatory threshold, which can be defined as the lowest concentration of a sucrose solution applied to the antenna able to elicit a PER. The action of neonicotinoids on gustation seems somewhat complex. Bees treated topically with imidacloprid exhibit an increase of the gustatory threshold (Lambin et al. 2001 ). This effect is delayed and increases with time during 60 min and seems to involve an active metabolite. This contrasts with acetamiprid that increases the sensitivity to an antennal stimulation by sucrose in oral but not in contact exposure (El Hassani et al. 2008) . For responsiveness to water, reciprocal results are obtained with an increase either in contact (El Hassani et al. 2008) or in oral exposure (Aliouane et al. 2009 ). Thiamethoxam induces either no effect on sensitivity to sucrose (El Hassani et al. 2008) or a decrease of sucrose stimulation observed only at high sucrose concentrations (Aliouane et al. 2009 ). Part of these results is conflicting with the action of nicotine that causes a rapid decrease of the sucrose threshold after injection in the antennal lobes (Thany and Gauthier 2005) . However, imidacloprid also exhibits an antagonist action on neuromuscular nicotinic acetylcholine receptors. This clearly shows the existence of exceptions to the well-established agonist action of imidacloprid on insect neural acetylcholine receptors (Seifert and Stollberg 2005) . Assuming that neonicotinoids act exclusively on nAChR, such a complex response could be interpreted only by a differential action of neonicotinoid parent and metabolite compounds on different molecular targets involved in the perception and treatment of the olfactory signal. Thus, nAChR occurring in antennal lobes, in α-lobes and calyces of the mushroom bodies are good candidates for neonicotinoid sites of action (Goldberg et al. 1999; Armengaud et al. 2000; Cano Lozano et al. 2001; Déglise et al. 2002; Thany et al. 2003; Thany and Gauthier 2005; Barbara et al. 2008) . However, nAChR of the Kenyon cells (a subset of olfactory interneurons) exhibit complex pharmacology and respond to muscarinic and non-cholinergic antagonists (Wüstenberg and Grünewald 2004) . Therefore, the sensory response of neonicotinoids may change according to the chemical structure of parent and metabolite compounds, at least in this cell type.
The phenyl pyrazole fipronil elicits a decrease of sensitivity to sucrose after contact application but not through oral application (El Hassani et al. 2005) . This effect appears 1 h after the treatment and strongly suggests an action mediated by a metabolite and particularly the sulfone derivative, a metabolite blocking both GABA and Glutamate chloride channels like fipronil (Zhao et al. 2005; Li and Akk 2008) . The fipronil action could easily be ascribed to an interaction of the parent compound or a metabolite with GABA or GluCl ionic channels (Murillo et al. 2011; Wolstenholme et al. 2000; Caboni et al. 2003; Ikeda et al. 2003; Zhao et al. 2003; Narahashi et al. 2010) . However, the GABAergic antagonists bicuculline and picrotoxine partially block the acetylcholine-induced current in Kenyon cells, preferentially affecting the fast transient component of the nicotinic current (Wüstenberg and Grünewald 2004) . Thus, it is not possible to fully ascertain that the action of fipronil is only restricted to GABA and Glu-Cl ionic channels and other sites of action need to be considered.
Neural effects of insecticides

Navigation and orientation
Navigation is essential in enabling the honey bees to gather the food required for colony development. It may be considered as the integrative component of vision, olfaction, orientation and signal treatment (Zhang et al. 1999; Reinhard et al. 2004; Barron et al. 2005; Menzel et al. 2006; Pahl et al. 2011) . The communication of food source location is a fundamental feature in navigation, particularly when the distances involved are greater than 100 m. The impacts of pesticides on the communication of food source location have been studied in pioneer experiments . Parathion prevents the bees from communicating the correct direction of a food source to other bees by inciting them to shift to a wrong angle during the waggle communication dance. The errors made by scout bees are minimal or absent when the bees do a waggle dance on a horizontal comb and are very marked on a vertical comb . Foragers indicates reduced distances through an increase of waggle dance rhythm, with no difference on horizontal and vertical combs. This indicates that gravity does not greatly influence the analysis of distance by bees. Dances performed on a vertical comb in the dark results from the transposition of information from a horizontal to a vertical plane . Thus, the alteration of waggle dance angle occurring only in a vertical plane suggests the existence of at least two independent neural systems for the treatment of azimuthal information, of which one is gravity-dependent. The errors made by the bees in indicating distances may result from different neural processes. The evaluation of distances by bees involves the integration of the optic flow during travel (Esch et al. 2001; Dacke and Srinivasan 2007) . Thus, an alteration of optic signal treatment could lead to mis-estimated distances. Flight time seems to be a poor indicator of waggle dance behaviour because the neural mechanisms involved in the treatment of the optic signal is complex. On the one hand, evaluation of distances involves the integration of the optic flow, which is dependent on the flight speed, and on the other, flight speed is also regulated by optic flow (Srinivasan et al. 1996; Barron et al. 2005) .
The homing or return flight is the flight performed by the bees from the food source to the hive. It represents an integrative tool in assessing adverse sublethal effects of pesticides. Deltamethrin interferes with homing behaviour and induces an exacerbated phototropism in the foragers (Vandame et al. 1995) . It is difficult to determine whether deltamethrin also alters other functions, such as orientation or vision. Different technologies have been developed for investigating insect movements in different space scales and dimensions (Reynolds and Riley 2002) . Two of the approaches seem very suitable for studying navigation and homing flight. The first uses harmonic radar to analyse movement in the landscape by bees fitted with a transponder and has the advantage of allowing for 3-D observation of free-flying bees (Riley et al. 1996 (Riley et al. , 2005 . It has been used to reveal particular traits of orientation flight ontogeny, particularly constant trip duration associated with flight speed that increases with experience (Capaldi et al. 2000) , and to demonstrate the use of map-like spatial memory in honey bee navigation . The second approach is based on radiofrequency identification (RFID; Streit et al. 2003) . Individuals are tagged with a passive RFID microchip that emits a specific individualised radio signal after activation by a radio frequency. RFID has been used to study the foraging behaviour and the circadian foraging rhythm of bumble bees (Ohashi et al. 2010; Stelzer et al. 2010) . This approach has shown that phenylpyrazole fipronil elicits a decrease in the number of individual foraging flights and an increase in the time needed to achieve a homing flight (Decourtye et al. 2011) . Concerning neonicotinoids, exposure to imidacloprid and clothianidin leads to a reduction of foraging activity and longer foraging flights (Schneider et al. 2012) . Harmonic radar and RFID methodologies have complementary advantages. Harmonic radar can be used to manage space and time in behavioural 356 studies, but its experimental device submits the bees to constraints, especially due to the presence of an antenna on the dorsal thorax. RFID microchips are less cumbersome, but their very short detection distance makes them more suitable for managing time than space.
Behaviour
Modifications of bee behaviour elicited by pesticides can be considered as a result of a combination of changes that occurs at neural and physiological levels. At the neural level, it seem obvious that neurotoxic insecticides may impair the correct functioning of neural cells, and especially neurons, with repercussions on physiological activities such as secretion, muscle activity, cognitive functions, respiration or digestion. However, the action of insecticides can be exerted through disturbance in neural programmes regulating the life of the bees, e.g. internal clock, distance evaluation and communication. At the physiological level, changes in behaviour may result from the incapacity of bees to achieve adequate metabolic homeostasis or to regulate efficiently metabolic pathways in response to environmental changes or to changes in physiological activity, as it has been shown for the honey bee and other species (Bounias et al. 1985; Gordon and Watkinson 1988; Tomasi et al. 2001; El Hassani et al. 2008 Ruzzin et al. 2009; Evrard et al. 2010; Mommaerts et al. 2010 ).
Foraging
Foraging controls the food resources of the honey bee colony and, thus, is closely related to the fate of the honey bee populations. Pesticides repellent or antifeedant to bees may alter foraging behaviour and, if the effects last too long, induce a starvation state or a nutritional deficiency both at the individual and colony levels. Pesticides may also act by disrupting neural functions, thus causing erroneous interpretation of external stimuli or incapacity to achieve neural programmes involved in behaviour or in response to external stimuli. This may lead to deficient food gathering as a result of alteration of olfactive functions or lack of motivation. Carbamate and OP insecticides share common molecular targets, cholinesterases and, particularly acetylcholinesterase, an enzyme involved in the control of cholinergic nerve transmission, but may elicit different effects. The repellent effect of carbamates seems less questionable than that of OP (Nigg et al. 1991) . A field insecticidal treatment with OP fenitrothion elicits a dramatic decrease in the number of bees foraging on flowering pigeon pea plants for about 1 week (Pande and Bandopadhyay 1985) . When the bees are exposed to acute treatments with OP, the effects observed are more complex (Guez et al. 2005) . After a methyl-parathion treatment at a dose of 50 ng bee −1 , the bees visited a feeder more frequently. A more complex effect is observed at the dose of 10 ng bee −1 and an initial decrease in frequency is followed by an increase. After a field treatment, a decrease in the frequency of visits to a food source could easily be explained by a repellent effect, as observed with pyrethroids, although there could have been other causes such as altered vitality and lack of motivation Levin 1988, 1989; Vaidya et al. 1996) . Conversely, after an acute individual treatment, the differential effect of methyl-parathion on the foraging activity suggests a more complex mechanism of action. The differential action of methyl-parathion might be due to dose-dependent toxicokinetics that would result in different lengths of time required by the insecticide to reach the critical toxicological internal concentration at the target site (Guez et al. 2001 (Guez et al. , 2005 . However, a dual effect, i.e. a decrease of foraging activity followed by an increase, supports the existence of molecular targets of different affinities for methylparathion. Furthermore, an increase in the visit frequency induced by methyl-parathion may be explained by enhanced attraction to the food, energetic stress or greater foraging activity due to a transient hyperactivation of the cholinergic transmission. This said, important discrepancies in the action of OP have been documented. Dimethoate does not appear as a repellent but Neural effects of insecticides exhibits a differential action with low tarsal contact toxicity and high oral toxicity (Barker et al. 1980; Danka and Collison 1987) . In the field, dicrotophos, sprayed on white clover, induces a rapid arrest of foraging that lasts 4 days and a delayed mortality 7-8 days after the treatment (Clinch et al. 1973) . Since OP are not repellent, their effects are consistent with a loss of bee vitality that induces an immediate and almost total decrease in foraging activity associated with a high delayed mortality rate (Waller et al. 1979; Shires et al. 1984a, b) . This explains the results of tunnel experiments with colonies of about 10,000 individuals showing mortality rates of around 3,000 bees after a dimethoate treatment, although only about 300 bees had been exposed, and an absence of foraging activity during 3 days (unpublished data). Neonicotinoids, represented by imidacloprid, seem to present a less complex action. Effects observed with imidacloprid included a decrease in the frequency of visits to a feeding source, a lower proportion of active bees at the food source, an increase in intervals between visits, abnormalities in revisiting the feeding site and reduced visual learning capacities (Nielsen et al. 2000; Colin et al. 2004; Ramirez-Romero et al. 2005; Yang et al. 2008; Han et al. 2010 ). This clearly shows that the over-activation of the cholinergic system by an acetylcholinesterase inhibition, with OP, or an agonist action on nAChR, with neonicotinoids, does not result in the same final effects. This strongly suggests that OP and neonicotinoids may interact with targets different from those of the cholinergic system.
Physiological functions
Thermoregulation
The honey bee is an insect that achieves thermoregulation to control its body temperature. Thermoregulation involves thermogenesis, by a tetanic contraction of flight muscles, and thermolysis, by wing beating and water evaporation, both at the individual and colony level. The control of body temperature allows the bees to fly at temperatures ranging from 11°C to 46°C and heat their swarms and their broods. It also plays a role in the transmission of information during the communication dance and in the rapidity of nectar processing (Heinrich 1980a, b; Southwick 1982 Southwick , 1983 Southwick , 1987 Southwick and Heldmaier 1987; Fahrenholz et al. 1989; Farina and Wainselboim 2001; Stabentheiner 2001 Stabentheiner , 2003 Kleinhenz et al. 2003) .
Pyrethroid insecticides and azole fungicides (imidazoles and triazoles) may act synergistically to induce lethal potentiations, which may occur at very low field rates of deltamethrin (less than 0.5 g/ha) and are subject to seasonal variation (Colin and Belzunces 1992; Meled et al. 1998) . Azole fungicides are both inducers and inhibitors of cytochromes P-450 enzymes involved in the metabolism of xenobiotics (Riviere 1983; Bach and Snegaroff 1989; Laignelet et al. 1989; Antignac et al. 1990; Kapteyn et al. 1994; Pilling et al. 1995; Johnston et al. 1996; Babin et al. 2005) . This initially suggested an action of azole fungicides on pyrethroid metabolism. However, the extreme rapidity of the synergistic effect of pyrethroid-azole associations suggests an action at the neural level (Chalvet-Monfray et al. 1995 , 1996a Pilling et al. 1995; Vandame et al. 1995) . Pyrethroids exhibit a negative temperature coefficient below 28-30°C and induce a higher toxicity at low temperatures than at high temperatures (Wang et al. 1972; Punzo 1993) . This negative temperature coefficient, and the temperature range in which it is observed, is compatible with a neural action of pyrethroids on thermogenesis. To explore this action, honey bees were exposed to sublethal doses of deltamethrin corresponding to field rates 16 to 150 times lower than the registered dosage (7.5 g ha −1 ). At these doses, deltamethrin triggers a drastic hypothermia that lasts for more than 4 h (Vandame and Belzunces 1998) . Surprisingly, deltamethrin and prochloraz, at doses eliciting no effect on body temperature, may act by potentiation when associated and induce a strong hypothermia. Whether the joint action of deltamethrin and prochloraz on thermoregulation is due to an inhibition of the activating aminergic pathway involved in thermogenesis or to an 358 L.P. Belzunces et al. activation of the inhibiting pathway needs further research (Belzunces et al. 1996) . However, similar thermogenesis impairment has also been observed with organophosphates, pesticides inhibiting acetylcholinesterase (Schmaranzer et al. 1987) . This strongly supports the involvement of a cholinergic pathway in the negative control of thermogenesis that could be activated by pyrethroids. Action through thoracic ganglia, which play a major role in thermogenesis, should be considered (Kammer 1968; Hanegan 1973; Heinrich 1974; Murphy and Heath 1983) but the deltamethrin doses able to induce hypothermia can affect the homing flight without altering flight activity (Vandame et al. 1995) . This rules out the possibility of hypothermia due to muscular incoordination or impairment of muscle contraction and strongly suggests a parallel action at the brain level. Hence, bees would be capable of coordinated flight muscle contraction but would not be able to execute the neural programme to achieve tetanic shivering (Linn and Roelofs 1984) . The pyrethroid-induced hypothermia may have a strong impact in the spring when bees are subjected to low temperatures requiring an efficient thermogenesis.
Muscle activity
In all organisms, muscular contraction is involved in almost all physiological functions and plays an essential role in activities such as communication, motion, digestion and heart beating. The effects of pesticides on the muscle activity of insects, particularly honey bees, have seldom been investigated. In the house fly Musca domestica, pyrethroids such as transtetramethrin, trans-barthrin and kadethrin disrupt tight coupling between right and left flight muscles (Adams and Miller 1980) . This prevents the achievement of a coordinated flight and renders the individual more vulnerable to its environment. In the honey bee, attention has first been focused on a pyrethroid insecticide, deltamethrin, and an imidazole fungicide, prochloraz, two active substances that, when associated, induce synergy and potentiation (Colin and Belzunces 1992; Pilling and Jepson 1993; Vandame and Belzunces 1998) . In a study using semi-isolated heart, prochloraz and deltamethrin rapidly decrease the frequency and the force of the cardiac contractions with marked effects at 0.01 μM, equivalent to internal doses of 4-5 μg kg −1 body weight (Papaefthimiou and Theophilidis 2001) . In this study, prochloraz appears more cardiotoxic than deltamethrin. This is somewhat surprising since deltamethrin is a neurotoxic substance whereas prochloraz is an inhibitor and an inducer of cytochromes P-450 enzymes, which are involved in the detoxication of xenobiotics and the metabolism of endogenous substances like steroids. An association of prochloraz and deltamethrin elicits a synergistic response that completely and rapidly abolishes heart contractions, thus confirming the neural basis of the deltamethrinprochloraz lethal and thermogenic synergy. Bee heart beating is not affected only by insecticides since the phenoxyacetic herbicide 2,4-D induces similar effects (Papaefthimiou et al. 2002) . Conversely, triazine herbicides contribute to easier neurotransmitter release that results in an increase of the frequency and the force of cardiac contractions (Papaefthimiou et al. 2003) . Concerning the synergistic effect of deltamethrin and prochloraz on heart activity, this is probably not due to an inhibition of deltamethrin metabolism by prochloraz, as was suggested for the lethal synergy, because deltamethrin biotransformation is negligible in semi-isolated heart (Colin and Belzunces 1992; Pilling et al. 1995) . Initially, the insecticide activity of pyrethroids was ascribed to an action on voltagedependent sodium channels (Sattelle and Yamamoto 1988; Soderlund and Bloomquist 1989; Soderlund et al. 2002) . Azole fungicides, such as triazoles and imidazoles, inhibit fungus ergosterol biosynthesis by preventing the cytochrome P-450-dependent 14α-demethylation of lanosterol, and the cytochrome P-450-dependent metabolism of both endogenous and exogenous compounds (Snegaroff and Bach 1989) . In fact, azole fungicides and pyrethroid insecticides may produce a joint action by interacting with shared molecular targets, such as ATPases and potassium and calcium channels, that are particularly Neural effects of insecticides important in muscle and nerve activity (Kabeer et al. 1987; Sattelle and Yamamoto 1988; Olivari et al. 1991; Aussel and Breittmayer 1993; Mason et al. 1993; Calore et al. 2000; Horváth et al. 2002; Lax et al. 2002; Soderlund et al. 2002; Kikuchi et al. 2005; Li et al. 2006a, b, c; Clark and Symington 2007; Abbadie et al. 2010; Neal et al. 2010; Han et al. 2011 ). Similar and complementary interactions with shared targets could also explain the rapid action and the lethal, thermogenic and cardiac synergies of pyrethroid-azole associations in bees. However, two interesting features emerge from the effects of pyrethroids on ATPases and exemplify the complex action of pyrethroid on the neural activity. First, the inhibition of Ca 2+ -Mg 2+ -ATPase by deltamethrin, and N + -K + -ATPase by bifenthrin displays a negative temperature coefficient, as was observed for pyrethroid-induced toxicity (Li et al. 2006a) . Second, the metabolic synergist piperonyl butoxide (PBO), used to potentiate the field effects of pyrethroids by inhibiting their metabolism, not only inhibits ATPases but also potentiates the ATPase-inhibiting effects of pyrethroids (Kakko et al. 2000; Grosman and Diel 2005) . This indicates that the role of ATPases in pyrethroid toxicity and azolepyrethroid and PBO-pyrethroid synergies is very likely underestimated.
CONCLUSION AND PERSPECTIVES
Insecticides can induce more or less serious effects on neural functions that can lead to an impairment of behaviour and physiological functions. The mechanisms by which insecticides elicit their effects are not restricted to the exclusive interaction between the active substance and the molecular target responsible for the insecticidal action. The effects of a given insecticide involve multiple molecular targets of different affinities for the molecule that can be recruited at different exposure levels and that may induce various effects, some of which are opposite or can induce a feedback action. Time appears as an important factor in insecticide toxicity. The final action of the insecticides is strongly dependent on the circadian rhythms, the time following exposure, the age or the developmental stage of the bees and the season. The route and the mode of exposure (acute, subchronic or chronic) play a particularly determining role in the nature and the intensity of the effects induced, and are often involved in differential effects elicited by a given substance. Metabolic processes modulate the intrinsic toxicity and may lead to metabolites that exhibit toxicity levels higher or lower than that of the parent compound and may elicit completely different effects. However, the simultaneous presence of several pesticides in a site or in food leads to interactions between substances that can drastically change the nature and the importance of the effects observed with one insecticide alone. Thus, investigations on pesticide combinations should take a more prevalent place in honey bee toxicology in the future. Because of the large number of pesticides, combinations to be studied will need to be prioritised. This could be based on the spatio-temporal occurrence of active substances.
The potential means to decrease the side effects of pesticides in the beneficial organisms, particularly the honey bees and pollinators, are of great concern. Different approaches involving highly repellent pesticides or genetic selection of pesticide-resistant bees have been proposed in the past. However, they were not considered fully satisfactory because of the unwanted impacts they can have on honey bees. Repellent substances with a long life span may elicit a drastic decrease in nectar and pollen gathering that could be damaging for both the honey bee colony and the beekeepers, and may prevent the proper pollination of crops. However, recent studies suggest that the combination of repellent and insecticide molecules can act synergistically on the insect pest (Pennetier et al. 2009 ). This type of action could be used advantageously to decrease the field dosages of pesticides, but it needs further investigation to assess the risk to the bees. The development of pesticide-resistant bees raises questions on food 360 L.P. Belzunces et al. safety and genetic stability of colonies. It could be argued that pesticide-resistant bees could exhibit a higher survival rate after poisoning that enables them to harvest larger quantities of contaminated pollen or nectar. This could have harmful consequences for the human consumers of honey and pollen, and for honey bee colonies if the brood and the juveniles are more sensitive to pesticides than adult workers. Up to now, no pesticide-resistant bee populations have been reported. This is mainly due to the absence of strong selection pressure because the queen bee is not directly exposed to pesticides. Considering the variety and the complexity of the modes of action of the pesticides, it would not be possible to select bees that exhibit a multiple resistance due to biological targets that are less sensitive to pesticides. Multiple resistance based on an enhanced detoxification capacity should be more relevant but could create problems with pesticides having toxic metabolites such as organophosphates and neonicotinoids. However, in all cases of resistance, the problem of stabilising the resistant bee populations cannot be solved if the origin of queens and males in the apiary is not strictly controlled. A promising approach to preventing side effects of pesticides on beneficial organism has been derived from improved knowledge of the mode of action of pesticides in targeted pests and honey bees. Information on the mode of action can be used to develop substances that act selectively on pests. New substances might be designed to act preferentially on target subtypes of pests sensitive to insecticides such as neonicotinoids of phenylpyrazoles (Courjaret et al. 2003; Dupuis et al. 2010; Lavialle-Defaix et al. 2011; Bordereau-Dubois et al. 2012) . A littleexplored way to act more selectively on pests consists in the designing of substances than act synergistically on the signalling pathways involved in the action of insecticides (Courjaret and Lapied 2001; Brandon et al. 2002; Es-Salah et al. 2008; Grünewald and Wersing 2008) . This could improve the targeting of pesticides on pests and help to reduce the field dosages for decreasing the environmental impacts and the hazard to honey bees. Neural effects of insecticides Elbert, A., Overbeck, H., Iwaya, K., Tsuboi, S., (1990) 
